Abstract. Picosecond ruby laser pulses generate simultaneously Stokes pulses of the 992 cm" 1 ring breathing mode and of the 3063 cm"
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The vibrational stimulated Raman scattering process v L ->v sl + v v , where v L is the laser frequency, v s l is the first Stokes frequency, and v v is the vibrational excitation frequency, is widely used to generate intense first Stokes Raman pulses [1] [2] [3] [4] [5] [6] [7] . Under intense pumping conditions the stimulated Raman scattering depletes the pump laser and the generated Stokes light becomes the pump source of higher order Stokes light generation by the processes v sn~* v s«+i+ v v [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Four photon mixing processes like v s l + v sl -+ v L + v S2 may contribute to the higher order Stokes light generation if the corresponding phasematching angles are small [15] [16] [17] . Parametric Stokes anti-Stokes coupling [1] [2] [3] [4] [5] , v L +v L ->v sl + v AS1 , and higher order anti-Stokes coupling, like v AS/l + v L ->v sl
+ V ASH+I>
a r e applied to generate intense short-wavelength light pulses [1-5, 8-10, 18-21] .
Steady-state and quasi steady-state stimulated Raman scattering occurs if the pump laser duration At L is long compared to the vibrational dephasing time T 2 [2] [3] [4] [5] . In this case the Raman amplification is 
where g s is the steady-state Raman gain factor, I L is the pump laser intensity and / is the sample length. The stimulated Raman scattering becomes transient for At h £T 2 [2-5, 22, 23] . Under extreme transient conditions, At L <^T 2 , the amplification changes over to t \l/2"|
G(t)«exp
where t is the time [22, 24] .
Steady-state stimulated Raman scattering with broadband pump lasers is considered in [25] [26] [27] [28] [29] [30] [31] . The Raman gain was found to be similar high as in the case of monochromatic pumping [Eq. (1), gain determined by total pump laser intensity]. Transient stimulated Raman scattering with broad-band pump lasers is described in [25, 32, 33] . Inclusion of the different group velocities of the pump and Raman light in the dispersive Raman media reduces the gain [32, 33] .
Stimulated Raman scattering occurs in generator cells (no input of Raman signal, amplification of quantum noise [1-8, 24, 26, 34, 35] ), in amplifier cells (amplification of input signal [1-5, 36, 37] ) and in oscillator arrangements (feedback of Stokes light [2, 4, 5, 37, 38] ).
The Stokes wavefront is preserved in steady-state Raman amplifiers [39-^2] since the amplification is given by
where E s and E L are the electrical field strengths, n h is the refractive index at the pump laser frequency, £ 0 is the permittivity, and c 0 is the vacuum light velocity. This wavefront preservation has gained importance in the generation of nearly diffraction limited Raman amplified pulses with aberrated pump lasers and multi-beam pump sources (beam clean-up [28, 39^13] and beam combination [44] [45] [46] [47] of lasers, mainly excimer lasers). Under transient Raman amplification conditions phase pulling effects have been observed (amplified Raman signal takes over the phase relation of the pump laser) [37, [48] [49] [50] . In a recent paper we studied the stimulated Raman scattering of benzene in a generator cell [51] . Picosecond pulses of a passively mode-locked ruby laser served as pump source. The stimulated Raman scattering was accompanied by small-scale self-focusing [52, 53] [52, 53] fed pump light to the Raman scattering process, thereby overcoming the pump pulse depletion and allowing the stimulation of both Raman lines.
In this paper the Raman light generated in a benzene generator cell is amplified in benzene amplifier cells which are pumped by picosecond ruby laser pulses. A spectral filtering of the Raman generator output allows the selective amplification of the first Stokes components of the 992 cm" 1 or the 3063 cm" 1 line. While the Raman conversion efficiency in the generator cell is already quite high (up to 10%) and cannot be enhanced significantly in the amplifier cells, the Raman light brightness is increased strongly in the amplifiers by reduction of beam divergence.
Experimental
The experimental setup of the Raman generatoramplifier system is shown in Fig. 1 . The picosecond pump pulses are generated in a passively mode-locked ruby laser (saturable absorber is l,l'-diethyl-2,2'-dicarbocyanine iodide) [57] . The laser wavelength is A L = 694.3 nm. Single pulses are separated from the pulse trains by a Pockels cell shutter, and they are amplified in the ruby laser amplifier I up to energies of 30 mJ. The laser pulse duration is zk L »35ps.
The mirror M x splits off 20% of the ruby pulse energy for reamplification in the ruby amplifier II to pump the final Raman amplifier stage A3. The mirror M2 separates 30% of the pulse energy for pumping the Raman generator cell G. 50% of the remaining pulse energy is separated by mirror M3 to pump the first Raman amplifier stage Al, and the rest of the pump pulse excites the second Raman amplifier cell A2. All Raman cells are 2 cm long and are filled with benzene.
The pump light to the generator cell is focussed by lens LI (focal length 20 cm, distance from Raman cell 27 cm) in order to obtain efficient stimulated Raman scattering. The generated Raman light is collimated by lens L2 and spectrally filtered by bandpass filters F. Either the first Stokes component of the 992 cm" The Raman amplifier cells are longitudinally pumped. The amplification is limited spatially to the cross-sections of the pump beams. The central Raman pulse energy density is increased and the Raman beam divergence is reduced. The final Raman amplifier A3 is pumped by reamplified ruby pulses.
In Fig. lb the evolution of the beam diameters is illustrated. The halfwidth borders are indicated by solid lines for the Raman light and by the dashed lines for the pump beams. The radial scale is expanded a factor of 80 compared to the axial dimension. The pump beam diameters decrease somewhat with increasing pump pulse energy. The hatched area gives an indication of the low focusibility and low brightness of the collimated Raman beam. The angular spreading depends on the spot size of the Raman light in the generator cell and on the distance between generator cell G and lens L2 (lowest spreading for distance equal to focal length). The dotted lines indicate the origin of the divergence of the Raman light behind the first amplifier Al.
Results
The generation of Raman light in the generator cell is illustrated in Fig. 2a The throughput of Raman light through the aperture AP (diameter 8 mm) is displayed in Fig. 2c and d [60] and are included in Table 1 .
Behind the first Raman amplifier Al beam divergences ofz!0 = (8±2)xlO" 3 were measured for both vibrational lines. Behind the second amplifier the divergence reduced to (1.2±0.3) x 10" 3 . The Raman pulse durations behind the second amplifier were measured to be Jr A2 (992 cm -x ) = 23±5ps and J/ A2 (3063cm~1) = 23±5ps. The spectral widths were ^v A2 (992cm" 1 ) = 5.7±1.7cm" were measured. The final Raman pulse durations and spectral widths were At A3 (992 cm" x ) = 30 ± 7 ps, ^A 3 (3063 cm -x ) = 14.5 ± 5.5 ps, ^v A3 (992cm" 1 ) = 3.9±1.4cm" 1 , and Jv A3 (3063em~1) = 5.5 + l.l cm"
1 . In the selective amplification of the 992 cm" 1 line no other Raman lines were generated up to the highest pump pulse energy. In the case of the selective amplification of the 3063 cm" 1 line some Raman light generation at the 992 cm" 1 line was observed occasionally for pump pulse energies above 25 mJ.
Some relevant Raman parameters together with the Raman pulse durations and spectral widths along the Raman generator-amplifier chain are summarized in Table 1 . Behind the final Raman amplifier the frequencytime bandwidth product of the Raman signals has become smaller than that of the pump laser indicating some temporal-spectral beam clean-up effect in the Raman amplifiers [37, [48] [49] [50] .
The dependence of the Raman amplification on the temporal synchronization between pump pulse and input Raman signal is illustrated in Fig. 4 for the first Raman amplifier Al. The energy density amplification rj Ai versus delay time t D = t s -t h is shown (/ L temporal peak position of pump pulse; f s temporal peak position of Raman pulse, t D >0 means that the Stokes pulse is behind the pump pulse). The pump laser energy is kept at W L1 «10 mJ. The zero delay position t D = 0 is set arbitrarily to the peak gain position of the 992 cm" 1 line. An exact measurement of the zero delay position was not performed. For the 992 cm" 1 line the delay time halfwidth is approximately equal to the pump pulse duration, while for the 3063 cm" 1 line the time delay range of efficient amplification is limited to the trailing edge region of the pump pulse. The 3063 cm" 1 Raman light which has the smaller steadystate gain factor seems to be generated in the trailing pump pulse region of the generator cell. The small halfwidth of the time delay curve is thought to be due to The time separation between the pump pulses and the first Stokes pulses in the amplifier cells due to group velocity dispersion is given by
where / is the sample length, v g is the group velocity, n % the group refractive index, and c 0 the vacuum light velocity. The group refractive index is determined by [61] 
where n is the phase refractive index. The calculations give <5f LtS1 (992cm~1) = 0.45ps and (5/ LS1 (3063cm" 1 ) = 1.25 ps (/= 2 cm and refractive index data of Table 1 ). These separations are short compared to the pump pulse duration.
The main effect of the Raman amplifiers is to reduce the beam divergence and to increase the Raman brightness. This behaviour is illustrated in Fig. 5 . The solid lines belong to the 992 cm" 1 mode and the dashed lines belong to the 3063 cm" 1 mode. Part (a) shows the evolution of the Raman beam divergence. The divergence behind lens L2 is set equal to the measured divergence behind amplifier Al (see hatched region and dotted lines in 
Conclusions
The generation of intense picosecond Raman pulses in a picosecond ruby laser pumped benzene Raman generator-amplifier system has been studied. The effective stimulated Raman scattering in the generator cell was initiated by small-scale self-focusing and resulted in the simultaneous generation of three Stokes components of the 992 cm" 1 breathing mode (highest steady state Raman gain factor g s ) and of the first Stokes component of the 3063 cm" 1 CH-stretching mode (highest g s /T 2 value) of benzene. The Raman amplification in the longitudinally pumped amplifier chain allowed the selective stimulation of the first Stokes components of the 992 cm" 1 and the 3063 cm" 1 lines to high energy brightnesses by increasing the Raman signal energy and reducing the Raman beam divergence. The durations of the Raman pulses remained nearly unchanged in the amplifier cells. The spectral widths of the generated Raman pulses are pulled towards the spectral widths of the pump laser pulses.
